In 114 subjects with Type 1 (insulin-dependent) diabetes mellitus the nocturnalinsulin requirements to maintain euglycaemia were assessed by means of i. v. insulin infusion by a Harvard pump. The insulin requirements decreased after midnight to a nadir of 0.102 + 0.03 mU-kg-~-rain-~ at 02.40 hours. Thereafter, the insulin requirements increased to a peak of 0.135 +0.06 mU.kg -1.rain -1 at 06.40 hours (p < 0.05). The dawn phenomenon (increase in insulin requirements by more than 20% after 02.40 hours lasting for at least 90 rain) was present in 101 out of the 114 diabetic subjects, and its magnitude (% increase in insulin requirements between 05.00-07.00 hours vs that between 01.00-03.00 hours) was 19.4 + 0.54% and correlated inversely with the duration of diabetes (r = -0.72, p < 0.001), but not with age. The nocturnal insulin requirements and the dawn phenomenon were highly reproducible on three separate nights. In addition, glycaemic control, state of counterregulation to hypoglycaemia and insulin sensitivity all influenced the magnitude of the dawn phenomenon as follows. In a subgroup of 84 subjects with Type I diabetes, the multiple correlation analysis showed that not only duration of diabetes (t = -9.76, p < 0.0001), but also % HbA1 significantly influenced the magnitude of the dawn phenomenon (t = 2.03, p < 0.05). After 5-9 months of intensive therapy, the magnitude of the dawn phenomenon decreased from 24 ~+ 2% to 18 + 2% (p < 0.05) in seven Type i diabetic subjects with initially poor glycaemic control, whereas it increased from 17 + 2% to 24 + 3% (p < 0.05) in five Type i diabetic subjects in whom glycaemic control had deteriorated for 2 weeks. In 18 Type 1 diabetic subjects the magnitude of the dawn phenomenon correlated with the indices of adequate glucose counterregulation, namely plasma glucose concentration at the hypoglycaemic nadir (r = -0.79) and the rate of plasma glucose recovery from hypoglycaemia (r=-0.74) (both p < 0.01). Finally, in 10 diabetic subjects in whom insulin sensitivity was examined by the euglycaemic glucose clamp technique, there was a correlation between the residual rate of hepatic glucose production (r = 0.78,p < 0.005) as well as between the rate of peripheral glucose utilization and the magnitude of the dawn phenomenon (r = -0.70, p < 0.025). In conclusion, the dawn phenomenon is a very frequent event in Type 1 diabetes; its magnitude (-20%) is much lower than that indicated by previous Biostator studies; it is highly reproducible from day to day; it is influenced by the duration of diabetes, glycaemic control, state of the counterregulation system to hypoglycaemia and insulin sensitivity.
Summary.
In 114 subjects with Type 1 (insulin-dependent) diabetes mellitus the nocturnalinsulin requirements to maintain euglycaemia were assessed by means of i. v. insulin infusion by a Harvard pump. The insulin requirements decreased after midnight to a nadir of 0.102 + 0.03 mU-kg-~-rain-~ at 02.40 hours. Thereafter, the insulin requirements increased to a peak of 0.135 +0.06 mU.kg -1.rain -1 at 06.40 hours (p < 0.05). The dawn phenomenon (increase in insulin requirements by more than 20% after 02.40 hours lasting for at least 90 rain) was present in 101 out of the 114 diabetic subjects, and its magnitude (% increase in insulin requirements between 05.00-07.00 hours vs that between 01.00-03.00 hours) was 19.4 + 0.54% and correlated inversely with the duration of diabetes (r = -0.72, p < 0.001), but not with age. The nocturnal insulin requirements and the dawn phenomenon were highly reproducible on three separate nights. In addition, glycaemic control, state of counterregulation to hypoglycaemia and insulin sensitivity all influenced the magnitude of the dawn phenomenon as follows. In a subgroup of 84 subjects with Type I diabetes, the multiple correlation analysis showed that not only duration of diabetes (t = -9.76, p < 0.0001), but also % HbA1 significantly influenced the magnitude of the dawn phenomenon (t = 2.03, p < 0.05). After 5-9 months of intensive therapy, the magnitude of the dawn phenomenon decreased from 24 ~+ 2% to 18 + 2% (p < 0.05) in seven Type i diabetic subjects with initially poor glycaemic control, whereas it increased from 17 + 2% to 24 + 3% (p < 0.05) in five Type i diabetic subjects in whom glycaemic control had deteriorated for 2 weeks. In 18 Type 1 diabetic subjects the magnitude of the dawn phenomenon correlated with the indices of adequate glucose counterregulation, namely plasma glucose concentration at the hypoglycaemic nadir (r = -0.79) and the rate of plasma glucose recovery from hypoglycaemia (r=-0.74) (both p < 0.01). Finally, in 10 diabetic subjects in whom insulin sensitivity was examined by the euglycaemic glucose clamp technique, there was a correlation between the residual rate of hepatic glucose production (r = 0.78,p < 0.005) as well as between the rate of peripheral glucose utilization and the magnitude of the dawn phenomenon (r = -0.70, p < 0.025). In conclusion, the dawn phenomenon is a very frequent event in Type 1 diabetes; its magnitude (-20%) is much lower than that indicated by previous Biostator studies; it is highly reproducible from day to day; it is influenced by the duration of diabetes, glycaemic control, state of the counterregulation system to hypoglycaemia and insulin sensitivity.
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The dawn phenomenon is a transient increase in insulin requirements which may occur between 05.00 and 08.00 hours in people with Type 1 (insulin-dependent) diabetes mellitus [1] [2] [3] , Type 2 (non-insulin-dependent) diabetes mellitus [4] [5] [6] [7] [8] , and in non-diabetic individuals [8] [9] [10] . In subjects with Type i diabetes, if the increase in insulin requirement after 04.00 hours is not met, hyperglycaemia develops [11, 12] . In Type i diabetes, considerable evidence indicates that the dawn phenomenon is the result of a transient decrease in sensitivity to insulin, both at hepatic and extrahepatic level [13] , induced by nocturnal secretion of growth hormone [13] [14] [15] [16] rather than increased clearance of insulin [3, 8, 10, 13, 17, 18] .
Despite the number of studies published over the last few years [19] , it is surprising that several clinical aspects of the dawn phenomenon in Type i diabetes have not yet been clarified. For example, it is not known to what extent the insulin requirements increase at dawn compared to the early night hours; how frequent is the dawn phenomenon among people with Type 1 diabetes, and how reproducible it is when examined on different occasions in the same diabetic individuals. In addition, it is not known whether factors such as glycaemic control, state of the counterreguiation system to hypoglycaemia and insulin sensitivity, influence the dawn phenomenon. Clearly, all this information is crucial for a rational strategy of intensive insulin therapy for the nocturnal hours of subjects with Type 1 diabetes, which aims at pre-breakfast nearnormoglycaemia while avoiding nocturnal hypoglycaemia [20, 21] .
The present series of studies were undertaken to assess: (1)the magnitude; (2)the frequency of the dawn phenomenon in a large population of people with Type 1 diabetes; (3) how reproducible is the dawn phenomenon in the same diabetic individuals; (4) the influence of factors such as glycaemic control, state of the counterregulation system to hypoglycaemia and insulin sensitivity on the dawn phenomenon.
Subjects and methods

Subjects
Between 1980 and 1988, 114 subjects with Type i diabetes (68 men, 46 women) were studied after fulIy informed consent was obtained. The subjects aged 17-56 years (31 +2 years, mean + SEM), had a duration of diabetes of 0.1-31 years (6.9 +0.6 years). With the exception of 11 subjects with duration of diabetes < i year, who had detectable, although subnormal plasma C-peptide concentrations, the remaining 103 subjects had no residual endogenous insulin secretion as assessed by the plasma C-peptide response to intravenous glucagon [22] . Their percent HbAlc [23] was 8.64 _+ 0.56% (normal range 5.1-6.9%) and the body mass index (BMI) was 22.7 + 0.55 kg/m 2. All subjects were on a therapeutic regimen of two or three daily injections of insulin (mixture of regular and intermediate-acting insulin at breakfast and dinner; or regular insulin at breakfast and lunch, and a mixture of regular and intermediateacting insulin at dinner), with the exception of nine subjects who were treated with four daily insulin injections (regular insulin at each meal, and intermediate-acting insulin at bedtime). The subjects were healthy apart from their diabetes and did not present clinically overt diabetic complications. None of the subjects at the time of the study were given any other drug treatment apart from insulin.
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Between 18.00-18.30 hours the subjects consumed a standard meal (725 kcal, 45% carbohydrate, 30% fat, 25% protein). Insulin was infused at variable rates to prevent an increase in the plasma glucose concentration above 10 mmol/l for the first 2 h after the meal. Thereafter, between 20.30 and 08.00 hours the next morning, the plasma glucose concentration was maintained between 4.5 and 5.5 retool/1 by infusing insulin according to a previously described algorithm [3] . Adjustments in the insulin infusion rate were made every 2.5-10 min.
To assess the intraindividual variability of the dawn phenomenon, 29 diabetic subjects [26] [27] [28] were restudied on two additional occasions, separated by 6-30 days, and the nocturnal insulin requirements were reassessed as described above.
To assess the effects of glycaemic control on the dawn phenomenon, first, the correlation between the % HbAI and the increase in insulin requirements at dawn was examined in 84 diabetic subjects in whom glycosylated haemoglobin had always been measured with the same technique [33] . Second, 13 subjects with initially poor glycemic control were studied before and after either improvement (for 5-9 months, n = 7) or no change (for 6-8 months, n = 6) in glycaemic control [29] , whereas, in five patients with initially good control during intensive insulin therapy, the nocturnal insulin requirements were studied before and two weeks after deliberate deterioration of their blood glucose control, as previously reported [29] .
To assess the effects of the state of the counterregulation system on the dawn phenomenon, the increase in insulin requirements at dawn and the indices of adequate counterregulation, namely plasma glucose nadir and post-nadir plasma glucose recovery rate in a standardized insulin-infusion test, were analysed in 18 subjects with Type 1 diabetes [28] .
To assess the effect of insulin sensitivity on the dawn phenomenon, insulin sensitivity was studied in 10 subjects by means of the euglycaemic-hyperinsulinaemic glucose clamp technique [34] after assessing their nocturnal insulin requirements and normalizing plasma glucose concentration over the previous 12 h, as recently described [13] . The clinical features of these 10 subjects [7 men, 3 women, age 21-55 years (29 _+ 2 years), diabetes duration 1.8-2.7years (7.2+1.3), BMI 21-25kg/m 2 (22.2+0.8kg/m2), %HbAlc 7.0-9.3% (8.2 + 0.7%)] did not differ significantly from those of the remaining 104 subjects of this study. In the clamp studies, hyperinsulinaemia was induced by two sequential steps, 2 h each, of insulin infusion at the rate of 0.25 mU. kg-1. min-~ and l mU-kg-l-min -I, respectively. A primed (18gCi) continuous (0.18 gCi/min) infusion of 3-3H-glucose (New England Nuclear, Boston, Mass, USA) was started at -3 h (between 07.00 and 08.00 hours) and continued until the end of the clamp studies (between 14.00 and 15.00 hours) to measure the rate of endogenous (hepatic) glucose production.
Study design
To assess the magnitude and the frequency of the dawn phenomenon, the overnight insulin requirements were assessed retrospectively in all 114 diabetic subjects, the majority of whom had participated in previously reported studies [3, [24] [25] [26] [27] [28] [29] [30] [31] . Intermediate-acting insulin was withdrawn for at least 48 h prior to the studies and the subjects were injected with regular insulin at breakfast, lunch, dinner, bedtime, and at 03.00 hours based on capillary blood glucose concentration. On the day of the study, the last s. c. injection of regular insulin was given at lunch. Thereafter, between 17.00-17.30 hours the subjects rested in bed, and a 18-gauge catheter-needle was placed into a superficial forearm vein for infusion of regular insulin (diluted to a final concentration of -3.5 p.mol/1 in 0.9% NaC1 solution containing 0.5% human albumin, Immuno S. p. A., Pisa, Italy) by means of a syringe pump (Harvard Apparatus, South Natick, Mass, USA). A 21-gauge butterfly needlewas inserted retrogradely into a dorsal vein of the contralateral hand which was kept warm in a thermoregulated plexiglass box at 65 ~ to ensure arterialization of venous blood [32] . This line was used for intermittent blood sampling and bedside measurement of plasma glucose concentration every 2.5-10 min.
Methods
Plasma glucose was measured by the glucose oxidase method (Beckman Glucose Analyzer, Beckman Instruments, Fullerton, Calif., USA). Glucose specific activity [35] and plasma free insulin [36] were determined by previously decribed methods. Polyethyleneglycol precipitation of plasma insulin antibodies was performed soon after drawing blood, as previously described [31] .
Calculations, definition of the dawn phenomenon and its magnitude.
Plasma glucose concentration and overnight insulin requirements were analysed as the mean values over 20 min periods. In these studies, the dawn phenomenon was defined as an increase by more than 20% in the insulin infusion rates required to maintain euglycaemia after 02.40 hours and lasting for at least 90 rain. This definition was adopted because in previous studies in which the dawn phenomenon was prevented by suppression of nocturnal spikes of growth hormone secretion [13] , the nocturnal insulin infusion rates required to maintain euglycaemia after 02.00 hours increased by less than 10% as compared to the insulin infusion rates before 02.00 hours. The magnitude of the dawn phenomenon was defined as the percent increase in the insulin requirements occurring between 05.00 and 07.00 hours as compared to those occurring between 01.00 and 03.00 hours.
Glucose turnover. Rates of glucose production and utilization at baseline during the first 2 h of the euglycaemic-hyperinsulinaemic clamp studies (insulin infusion rate 0.25 mU-kg-~-min-~) were calculated with the use of the non-steady-state equations of D e B odo et al. [37] and were "smoothed" according to the method of Miles et al. [38] . During thelast 2 h of the euglycaemic-hyperinsulinaemic clamp experiments at the insulin infusion rate of i mU.kg -a ,min -1, the calculated rate of hepatic glucose production yielded negative numbers [39] . Thus, it was assumed that in this second part of the damp, the hepatic glucose production was fully suppressed [40] and that therefore the rate of exogenous cold glucose infusion equalled the whole body glucose utilization. Consequently, in the second part of the clamp studies at high insulin infusion rate, the rate of cold glucose infusion and not the isotopically calculated glucose turnover, was considered as the real rate of peripheral glucose utilization, as previously reported [13] .
Statistical analysis
Data are given as mean _+SEM and were evaluated by analysis of variance corrected for repeated measures, and where appropriate, two-tailed, paired t-test. Regressions were calculated by multiple regression analysis [41] . Statistical analysis was performed using CSS 2.1 software (Statsoft, Inc., Tulsa, Okla, USA). (Fig. 1) The insulin infusion rate required to maintain euglycaemia decreased continuously after midnight from 0.113 +0.05 mU.kg -~ .min -~ to a nadir value of 0.102_+ 0.03 mU. kg -~. rain -~ at 02.40 hours 9 Thereafter, insulin requirements increased progressively by 30% to a peak of 0.135 _+0.06 mU.kg -~ .min -~ at 06.40 hours (p < 0.05 vs the nadir value of 02.40 hours), and remained increased until 08.00 hours (0.123 + 0.04 mU. kg-t. min-~, p < 0.05 vs the nadir value at 02.40 hours). As a result of the infu- (Fig. i) .
Results
Overnight insulin requirements in Type 1 diabetes
Frequency, timing and magnitude of the dawn phenomenon (Figs. 2, 3)
The dawn phenomenon was present in 101 out the 114 subjects (89%) and it started at 05.15 +0.12 hours (range 03.40-06.40hours) and lasted for 1.9+0.08h (1.2-2.5 h) with a magnitude of 19.4+0.54% (6-31%). The subjects were divided into groups according to a 5% difference in the magnitude of the dawn phenomenon Time (h) Fig.4 . Reproducibility of overnight insulin requirements and dawn phenomenon in 29 subjects with Type 1 diabetes studies on three separate occasions (A study 1, 9 study 2, 9 study 3) (Fig. 2) . Compared to 37 subjects in whom the magnitude of the dawn phenomenon ranged between 16 and 20%, the magnitude in 50subjects was greater than 20%, whereas it was less than 16% in the remaining 27 subjects. The 50 subjects with the greatest magnitude of dawn phenomenon (24 _+ 0.3%) had a shorter duration of diabetes (3.6 + 0.4 vs 13.6 + 1.3 years), less optimal glycaemic control (HbAI, 11.9 + 0.3 vs 8.7 + 0.3%, both p < 0.05), but their age was not significantly different from that the rest of the subjects. Fig, 6 . Coefficients of variations of mean hourly plasma glucose concentration and insulin infusion rates to maintain euglycaemia in 29 subjects with Type 1 diabetes studied on three different nights (mean + SEM) ure 3. Using the correlation analysis, no effects of age (r = -0.28, p < 0.05), but a strong effect of duration of diabetes on the magnitude of the dawn phenomenon was found (r = -0.72,p < 0.001).
Intraindividual variability of the dawn phenomenon (Figs. 4-6)
In the experiments in which the same 29 subjects were studied on three different nights, their insulin requirements were virtually superimposable from study to study, as was the plasma glucose concentration (Fig. 4) .
In these studies the overall nocturnal insulin requirements were no different on the three separate nights (0.121 + 0.06mU.kg-l.min -1, 0.18 + 0.04mU.kg -1. min-1, and 0.124 + 0.05 mU-kg-1. min-t, nights 1, 2 and 3, respectively, p = NS) (Fig. 5, top panel) . In addition, the increases in insulin requirements occurring between 05.00 and 07.00 hours compared to those occurring between 01.00 and 03.00 hours was highly reproducible on the three different nights of the studies (Fig. 5 , center and bottom panels). Finally, the low variability of the nocturnal insulin requirements and the dawn phenomenon is also indicated by the coefficient of variation of mean hourly plasma glucose concentration and insulin infusion rates, which in individual subjects never exceeded 10% (Fig. 6) . (Figs. 7, 8) In Figure 7 the magnitude of the dawn phenomenon and % HbA1 are shown as scatter plots in 84 diabetic subjects in whom I-IbA~ was always determined with the same method [33] . The multiple regression analysis performed to examine the effects of duration of diabetes, % HbA1 (glycaemic control), and age (independent variables) on the magnitude of the dawn phenomenon (dependent variable), showed a highly significant multiple R (0.76, Although the highest contribution to multiple R was due to duration of diabetes (t = -9.76, p < 0.0001), % HbA~ also contributed significantly (t= 2.03, p < 0.05) to the final estimates, whereas age did not contribute significantly to the model. Thus, the poorer the glycaemic control, the greater the dawn phenomenon.
Effect of glycaemic control on the dawn phenomenon
In the seven diabetic subjects who were initially in poor glycaemic control, institution of intensive insulin therapy for 5-9 months improved glycaemic control (HbA~ fell from 12.4 + 0.2% to 7:9 _+ 0.2%,p < 0.001) and resulted in a decrease in the magnitude of the dawn phenomenon from 24 _+ 2% to 18 + 2% (p < 0.05). On the other hand, in the six subjects in whom intensive insulin therapy was not instituted and glycaemic control remained similarly poor before and after 6-8 months of observation (HbA~ 12.4 + 0.1% and !2.3 + 0.2%, respective- ly, p = NS), the magnitude of the dawn phenomenon did not change (27 + 3% and 25 +_ 2%, respectively, p = NS). Finally, in the five diabetic subjects who were switched from intensive to non-intensive insulin therapy for two weeks, HbA1 increased from 7.9 + 0.2% to 9.1 + 0.2% [22] and also the magnitude of the dawn phenomenon (from 17 + 2% to 24 + 3%) (both p < 0.05). Thus, improvement in glycaemic control attenuated, and deterioration exaggerated the magnitude of the dawn phenomenon, respectively, whereas unchanged glycaemic control had no effect (Fig. 8) .
Effects of the state of the counterregulatory system to hypoglycaemia on the dawn phenomenon
In the 18 diabetic subjects studied, the magnitude of the dawn phenomenon was correlated inversely with the indices of adequate glucose counterregulation [28] , namely plasma glucose concentration at hypoglycaemic nadir (r = -0.79) and the rate of post-nadir plasma glucose recovery from hypoglycaemia (r = -0.74) (both p < 0.01). Thus, the more adequate the counterregulatory response to hypoglycaemia, the more pronounced the dawn phenomenon and vice-versa. (Fig. 9) In the 10 diabetic subjects in whom insulin sensitivity was examined by means of the euglycaemic-hyperinsuhnaemic glucose clamp, there was a correlation between the residual rate of hepatic glucose production (calculated during the first 2 h of the clamp studies at the plasma free insulin concentration of 143 + 21 pro 9 and the magni- (#tool 9 kg q. min-1) Fig.9 a, b . The lower the hepatic and peripheral insulin sensitivity, the greater the dawn phenomenon. Correlation between insulin sensitivity (hepatic and peripheral) and the magnitude of the dawn phenomenon (see legend to Fig.2 for definition) in 10 subjects with Type 1 diabetes. Insulin sensitivity was assessed by means of the euglycaemic clamp technique at low insulin infusion rate (0.25 mU kg 1-min 1) and high insulin infusion rate (1 mU .kg -1. rain-l), a) The greater the hepatic glucose production (calculated from the clamp studies at low insulin infusion rate), the greater the magnitude of the dawn phenomenon (y= 6.35 + 1.99x, r= 0.78, p < 0.005). b) The lower the increase in peripheral glucose utilization (calculated from the clamp studies at high insulin infusion rates), the greater the magnitude of the dawn phenomenon (y = 27 -0.38x, r = -0.70,p < 0.0025) tude of the dawn phenomenon (r = 0.78, p < 0.005), and between the rate of peripheral glucose utilization (calculated over the last 2 h of the clamp studies at the plasma free insulin concentration of 582 + 43 pmol/1) and the magnitude of the dawn phenomenon (r=-0.70, p < 0.025) (Fig. 9) . Thus, the greater the insulin sensitivity, both at the hepatic and extrahepatic level, the smaller the magnitude of the dawn phenomenon and vice-versa.
Effect of insulin sensitivity on the dawn phenomenon
Discussion
The present studies indicate that the dawn phenomenon is a very frequent event in subjects with Type I diabetes mellitus; its magnitude is lower than initially indicated by previous Biostator studies; it is highly reproducible from day to day, and it is influenced by factors such as duration of diabetes, quality of antecedent glycaemic control, state of cotmterregulation system to hypoglycaemia and insulin sensitivity.
In the past few years, a number of studies have examined the dawn phenomenon in people with Type 1 diabetes [19] . In those studies it was difficult to establish the frequency, the intra-subject variability and other clinically important aspects of the dawn phenomenon, either because the number of subjects examined was small [3, 42] , or the artificial endocrine pancreas Biostator was used [2, 4, 11, 14, 16, 43, 44] . In fact, because of the progressive loss of the biological activity of the insulin infused over time by the peristaltic pump of the Biostator [17, 45] , it is likely that in the previous Biostator studies -at least in those in which albumin was apparently not added to the insulin infusate [2, 4, 11, 43, 44] -the magnitude of the dawn phenomenon has been overestimated.
In the present studies, a large population of subjects with Type 1 diabetes (n = 114) was examined. The nocturnal insulin requirements were studied during insulin delivery by means of a Harvard syringe pump, an approach which does not result in a loss of the biological activity of the insulin infused over time [17, 45] . Under these conditions, the following observations were made.
First, the insulin requirements after midnight initially decreased to a nadir value of 0.102 + 0.03 mU-kg-1 . rain -1 at 02.40hours and subsequently increased to 0.135 + 0.06 mU. kg -~. rain -~ at 06.40 hours. Thus, in the present studies, the peak increase at dawn as compared to the early night hours was 30%, whereas the magnitude of the dawn phenomenon (percent increase in the insulin requirements occurring between 05.00 and 07.00 hours as compared to those occurring between 01.00 and 03.00 h) was 20%. It is likely that the magnitude of the dawn phenomenon in these experiments has been underestimated, because the plasma glucose concentration increased after 05.00 hours despite the increase in insulin infusion rate, implying that the insulin requirements at that time of day were in fact greater than those indicated by our experiments. Nevertheless, the figures of the magnitude of the dawn phenomenon observed in the present study are three times smaller than those suggested by early Biostator studies [2, 4] in which the insulin requirements after 06.00 hours were found to increase by as much as 100% G. Perriello et aL: Dawn phenomenon in Type 1 diabetes compared to those of the early night hours -an overestimation most likely due to the previously discussed Biostator artifact [17, 45] . Interestingly, the nadir to peak increase in nocturnal insulin requirements observed in the present studies in Type i diabetes is similar to that observed in previous studies in Type 2 diabetes [6] as well as in normal non-diabetic subjects [10] . This finding suggests that the dawn phenomenon is not a specific feature of diabetes, but rather it is a physiological event which is part of a circadian variation in insulin sensitivity [10, 46] . Second, the dawn phenomenon occurred in virtually all of the subjects examined (89%). Thus, the dawn phenomenon is a persistent event in subjects with Type 1 diabetes. Third, the nocturnal insulin requirements in general and the dawn phenomenon in particular were remarkably reproducible from day to day in the same diabetic subjects. It is likely that the results of a previous study in which the opposite conclusion was reached [4] , were due to the Biostator artifact, i. e. to the unpredictable losses of biologically active insulin infused by the Biostator on different nights. In fact, when human albumin was added to the insulin infusate delivered by the Biostator, a procedure which prevents loss of biological activity of the infused insulin [17, 45] , the dawn phenomenon was found to be reproducible even using the Biostator [47] . Thus, since the nocturnal insulin requirements and the dawn phenomenon are remarkably reproducible from day to day, it is likely that the clinical observation of the large intraindividual day-to-day variability of fasting plasma glucose concentration in subjects with Type 1 diabetes treated with s.c. insulin injections [48] , is explained by the large variability of absorption of s. c. injected insulin on the previous evening [21] , rather than by the variability of the dawn phenomenon.
Fourth, in the present studies it was found that the quality of antecedent blood glucose control is an important factor for the magnitude of the dawn phenomenon, i.e., poor glycaemic control is associated with exaggerated, whereas good glycaemic control with attenuated dawn phenomenon. Since the dawn phenomenon is basically a difference in insulin sensitivity between the early night and early morning hours [13] , and since glycaemic control profoundly influences insulin action in Type 1 diabetes [49] , it is likely that the effects of either poor or good glycaemic control on the dawn phenomenon observed in the present studies are the result of augmented or attenuated insulin resistance, respectively, according to the concept of down-or up-regulation of glucose transporters by prevailing blood glucose concentration [50] . In this regard, the results of the present study might account for the observation that subjects with Type i diabetes undergoing intensive insulin therapy barely exhibit a dawn phenomenon [51] .
Fifth, in the present studies the ability to counterregulate to hypoglycaemia in a standardized insulin infusion test was found to be of importance for the magnitude of the dawn phenomenon. Subjects with inadequate counterregulation had a less pronounced dawn phenomenon as compared to those with adequate counter-regulation. It is likely that the chronically impaired secretion of counterregulatory hormones glucagon, epinephrine, growth hormone and cortisol observed in this group explains their attenuated dawn phenomenon [28] . Since impaired counterregulation is a function of diabetes duration [25] , as indeed it was in the 18 subjects examined in these experiments [29] , it is likely that the finding of the inverse relationship between the diabetes duration and magnitude of the dawn phenomenon of Figure 3 in the present studies might be explained by the loss of secretion of counterregulatory hormones and greater insulin sensitivity in long-term diabetes. Thus, the present studies indicate that the longer the duration of Type 1 diabetes, the greater the impairment in the secretion of counterregulatory hormones, and the smaller the dawn phenomenon.
Sixth, insulin sensitivity both at hepatic and extrahepatic level was found to be inversely correlated with the magnitude of the dawn phenomenon, i. e., the less insulinsensitive the subjects were, the more marked the dawn phenomenon was and vice-versa. It is likely that factors such as glycaemic control and state of counterregulation which in these studies have been found to have important effects on the dawn phenomenon, might do so primarily by influencing insulin action. In subjects with Type 1 diabetes the plasma free insulin concentrations in the early morning hours usually range between 100 and 200 pmol/1 [52, 53] . On the other hand, when the plasma insulin concentration was increased in this range during the clamp experiments of the present studies, only glucose production, but not glucose utilization was affected. Thus, it is likely that decreased insulin sensitivity at the liver, rather than at the peripheral level, plays the primary role in the pathogenesis of the dawn phenomenon in Type 1 diabetes, as recently suggested [13] , at least in the fasting (pre-breakfast) period.
In conclusion, the present studies demonstrate that the dawn phenomenon is a very frequent and reproducible event in Type i diabetes mellitus, as long as factors which usually influence insulin action remain constant. However, should for any reason insulin action either improve or deteriorate, an attenuation or exaggeration of the dawn phenomenon, respectively, will occur. Overall, the magnitude of the dawn phenomenon is smaller than that indicated by previous Biostator studies. Further studies are needed to establish the extent to which the dawn phenomenon contributes to pre-breakfast hyperglycaemia in Type i diabetes.
